The enzyme pyruvate carboxylase (EC 6.4.1.1) catalyzes an ATP-dependent reaction between pyruvate and CO2 to form oxaloacetate. Oxaloacetate is a key intermediate in the tricarboxylic acid (TCA) cycle, and its regeneration is required for growth and, in some cases, for acid production (e.g., citric, malic, and fumaric acids) by various filamentous fungi (5, 6, (9) (10) (11) . Pyruvate carboxylase is a key enzyme in the accumulation of high concentrations of L-malic acid and fumaric acid by Aspergillus flavus and Rhizopus oryzae (formerly R. nigricans and, later, R. arrhizus), respectively (5, 11) . The accumulation of these acids is dependent on the operation of part of the reductive branch of the TCA cycle (i.e., pyruvate to oxaloacetate to malate to fumarate) (5, 11) .
Contrary to most eucaryotic organisms, which contain a mitochondrial pyruvate carboxylase (10, 15) , this enzyme activity is localized exclusively in the cytosolic fraction in several filamentous fungi, such as Aspergillus nidulans (9) , R. oryzae (10) , and Aspergillus terreus (W. Jaklitsch and M. C. Scrutton, personal communication). Pyruvate carboxylase also occurs cytosolically in Saccharomyces cerevisiae (4, 18) and in Candida utilis (18) . Partly on the basis of these findings, a general mechanism for acid accumulation (e.g., citric, fumaric, malic, oxalic, and itaconic acids) by different filamentous fungi was suggested (6) . By this mechanism, all filamentous fungi share two main characteristics: a central role of a cytoplasmic pyruvate carboxylase and a minor involvement of mitochondrial reactions of the TCA cycle in acid synthesis and accumulation (6) . Recently, however, it was shown that in two strains of Aspergillus niger which apparently accumulate citric acid, the pyruvate carboxylase activity was located solely in the mitochondria (15) , which is a characteristic of higher eucaryotic cells (10, 15) . Hence, it was concluded (15) that the cytoplasmic location appears to be unusual for this enzyme, with only five examples having been recorded so far: A. nidulans, R. oryzae, A. terreus, S. cerevisiae, and C. utilis (4, 9, 10, 15, 18) . Obviously, the localization of pyruvate carboxylase in the cytosol or in the mitochondria is important for the channelling of substrates into the TCA cycle for growth or through a cytosolic pathway for acid accumulation (6) . This may determine both the amount and the type of acid produced. The media for spore development (medium A), vegetative seed culture (medium B), and acid production (medium C) have been described previously (13, 14, 16) . Spores were prepared by adding 5 ml of sterile 0.1 M phosphate buffer, pH 5.0, containing 0.1% Tween 80 to a dried-spore-silica gel mixture. One milliliter of this spore suspension was spread onto agar-solidified (2%) medium A (40 ml of medium in a 250-ml Erlenmeyer flask) and incubated at 30°C for 5 to 7 days. A vegetative seed culture was prepared by suspending the spores in 30 ml of the buffer described above. Spores were counted in a hemacytometer, and 2 x 108 spores were inoculated into 250-ml baffled Erlenmeyer flasks containing 75 ml of sterile medium B and 25 ml of the sterile buffer described above. Growth was carried out at 30°C with an agitation rate of 130 rpm for 17 h. For acid production, a vegetative seed culture was inoculated (8%, by volume) into medium C. One-liter baffled flasks, each containing 250 ml of medium C, were incubated at 160 rpm and at 30°C for 135 h. The organic acids produced were determined at the end of this incubation period.
Preparation of cell fractions and enzyme assays. Cell extracts were prepared from freshly grown cells that had been grown in medium B for 17 h; cell fractionation was performed as described previously (12) . The fractionation treatment was modified for the fungal species by using various concentrations of Novozyme 234 (between 0 and 4 mg/g [wet weight] of mycelium), as described by Osmani and Scrutton (10) . Enzyme reaction rates were determined spectrophoto- The supernatant fractions obtained after centifugation of cell extracts at 500 x g for 10 min were used for analyses of the extent of latency. For these analyses, enzyme activities were measured in the absence or presence of Triton X-100 (0.03%) in the assay mixtures.
Analyses. Protein was determined by the method of Lowry et al. (7), with crystalline bovine serum albumin (fraction V, Sigma) as the standard. Organic acid concentrations in the fermentation broths were determined by high-pressure liquid chromatography as described previously (2, 3).
RESULTS AND DISCUSSION Acid accumulation. Thirteen strains of nine Aspergillus species were incubated under identical conditions in an organic acid production medium (medium C) developed for fumaric acid and L-malic acid production by a Rhizopus sp. and an Aspergillus sp., respectively (5, 14, 16 The nature of the accumulated acid has been shown to be dependent on the pH of the fermentation broth; i.e., at a pH lower than 5.0, the main acid synthesized and accumulated by A. niger was citric acid (6, 17) . The production medium (medium C) used in the present work does not allow for a pH below 5.5 to be established during acid production owing to the buffering capacity of the excess CaCO3 in the medium (i.e., the pH varies from 6.2 to 5.8). Therefore, the different A. niger strains ("citric acid producers") produced only minor quantities of citric acid and large amounts of gluconic acid, and A. aculeatus, although producing mainly citric acid, accumulated citric acid at a comparatively low concentration ( (15) compared with the cytosolic activities of this enzyme measured in all A. niger strains used in our study (Table 2) .
In most Aspergillus strains, citrate synthase could not be detected in the cytosolic fraction although high activities were measured for this enzyme in the mitochondrial fraction of the cells. In other strains, the mitochondrion/cytosol specific activity ratio of citrate synthase was high (Table 2) .
Since citrate synthase is a soluble marker enzyme for the mitochondrial matrix, the low specific activity measured in the cytosol indicates that only a small amount of enzymes was released from damaged mitochondria during the cell fractionation procedure.
NAD+-malate dehydrogenase activity was found in both the cytosolic and mitochondrial fractions of all Aspergillus strains studied (Table 2) . In all strains (except for A. flavus), the mitochondrial specific activity of NAD+-malate dehy- drogenase was much higher than that of the cytosol. Since cytosolic and mitochondrial isoenzymes of NAD+-malate dehydrogenase have been found in A. flavus (13) and A. nidulans (10) , it would appear that the mitochondrial isoenzyme is important for fungal growth. During the acid production stage (medium C), the activity of NAD+-malate dehydrogenase in A. flavus increased by about 10-fold, indicating the essential involvement of this enzyme in acid (L-malic acid) production (14) .
Latency analysis. The data in (Table 2) , shows high latent activity in cell extracts (Table 3) . NAD+-malate dehydrogenase, which shows evidence of dual localization (Table 2) , also exhibits incomplete latency in the range of 48 to 73% latent activity (Table 3) .
From the results summarized in Tables 1 to 3 , it can be concluded that there is no quantitative or qualitative correlation between the localization of pyruvate carboxylase in the cells and the ability of the various Aspergillus strains to accumulate different organic acids.
It can be concluded, contrary to previous assumptions (15) , that the localization of pyruvate carboxylase in the cytosol appears to be usual in Aspergillus spp. Only in A. wentii (two strains) was the enzyme absent from the cytosol. In several other Aspergillus strains, pyruvate carboxylase was also localized in the mitochondria, during the growth stage. Because no correlation was found between the localization (cytosolic or mitochondrial) of pyruvate carboxylase in the cells and the ability of the various Aspergillus strains to accumulate organic acid (specifically malic and citric acids), the role of this enzyme in the accumulation of TCA cycle intermediates in fungi has yet to be evaluated.
The taxonomy of the genus Aspergillus is based mainly on morphological traits. The various species may include strains about which biochemical and genetic viewpoints are different. It is interesting that fungi of the same genus show different intracellular locations of a very important enzyme for growth and acid accumulation.
